INTRODUCTION
Bone morphogenetic proteins (BMPs) were originally identified as inducers of bone and cartilage formation in ectopic tissues (Reddi, 1997) . More than 20 BMPs have been isolated and constitute the largest subfamily in the transforming growth factor-␤ (TGF-␤) superfamily of growth and differentiation factors. Like other members of the superfamily, BMPs exert pleiotropic biological effects ranging from the regulation of early developmental processes to organogenesis (Hogan, 1996; Reddi, 1997; Kawabata et al., 1998a) . Characterization of BMP homologues in invertebrates has greatly contributed to the elucidation of the signaling pathway of the TGF-␤ superfamily (Padgett et al., 1998; Whitman, 1998) . Decapentaplegic (Dpp) identified in Drosophila is structurally similar to mammalian BMP-2 and -4. Dpp regulates the establishment of the dorsoventral axis in the Drosophila embryo and is required for gut morphogenesis and outgrowth and patterning of imaginal disks (Padgett et al., 1997) . In Xenopus, BMPs induce ventral mesoderm, whereas activins, constituting another subfamily of the TGF-␤ superfamily, direct formation of dorsal mesoderm (Whitman, 1998) . Gene disruption of BMP-4 or BMP type IA receptor (BMPR-IA) in mice results in early embryonal death associated with a defect in gastrulation (Kawabata et al., 1998a) . BMPs induce bone in ectopic tissues, and Dpp exerts the same effect (Sampath et al., 1993) . BMP-4 compensates a developmental defect in flies with a mutation in the dpp gene (Padgett et al., 1993) . Thus these factors are functionally interchangeable.
BMPs bind to two types of transmembrane receptors denoted type I and type II with serine/threonine kinase activity (Kawabata et al., 1998a) . The BMP receptors identified so far include three type II receptors; BMP type II (BMPR-II), activin type II and activin type IIB receptors, and three type I receptors: BMPR-IA, BMP type IB receptor (BMPR-IB), and activin receptor-like kinase 2 (ten Dijke et al., 1994; Kawabata et al., 1998a; Macías-Silva et al., 1998) . Upon ligand binding, type II receptors phosphorylate the juxtamembrane region denoted the GS domain of type I receptors. The activated type I receptors then phosphorylate downstream substrates.
Genetic analyses in Drosophila and Caenorhabditis elegans resulted in the identification of Mad and Sma as signaling molecules downstream of receptors for BMP-like ligands in each organism, respectively (Padgett et al., 1998; Whitman, 1998) . Eight homologues of Mad and Sma have been identified in mammals and are generically denoted Smad (Heldin et al., 1997; Massagué, 1998) . Smads are grouped into three classes based on structure and function. Smads exist as monomers in the absence of ligand stimulation (Kawabata et al., 1998b) . Receptor-regulated Smads (R-Smads) are directly phosphorylated by type I receptors and then associate with common Smads (Co-Smads) essential to distinct signaling pathways. The heteromeric complexes translocate to the nucleus, where they regulate transcription of target genes in concert with other nuclear proteins. Inhibitory Smads antagonize signaling by R-Smads and Co-Smads. Smads 1, 5, and presumably 8 propagate BMP signals and are structurally related to Mad that acts downstream of Dpp, a BMP homologue in Drosophila. Smads 2 and 3 are activated by TGF-␤s or activins, and dSmad2 has been identified as the counterpart of Smad2/3 in Drosophila (Brummel et al., 1999; Das et al., 1999) . Smad4 is the only Co-Smad in mammals, and Medea acts as a common Smad in flies (Whitman, 1998) . Smad6 and Smad7 in mammals and Dad in Drosophila belong to inhibitory Smads.
Smads share two conserved regions denoted the Mad homology 1 (MH1) and MH2 domains (Heldin et al., 1997; Massagué, 1998) . The MH1 domain of certain Smads directly binds to DNA, whereas the MH2 domain possesses intrinsic transactivation activity. The C-terminal end of R-Smads contains the SSXS motif, two serines of which serve as the phosphorylation sites by type I receptors. In the absence of ligand stimulation, the MH1 and MH2 domains repress the function of each other through intramolecular interaction. Receptor-induced phosphorylation of R-Smads releases this mutual inhibition. Upon entry to the nucleus, Smads form complexes containing sequence-specific DNA-binding proteins and transcriptional coactivators or corepressors Wotton et al., 1999) . Smads can directly bind to DNA; however, the affinity is relatively low, and interaction with sequence-specific DNA-binding proteins is critical for the formation of a stable DNA-binding complex . Extensive efforts have been directed toward the isolation of nuclear partners for Smads. DNAbinding proteins such as FAST-1, FAST-2, and AP-1 have been identified as interacting proteins for Smad2/3 and implicated in transactivation of various genes (Chen et al., 1996; Labbé et al., 1998; Zhang et al., 1998; Zhou et al., 1998; Liberati et al., 1999) . Hoxc-8 interacts with Smad1, and Smad1 acts as a derepression factor for Hoxc-8 (Shi et al., 1999) . STAT3 interacts with Smad1 indirectly via p300, and the complex is involved in transactivation of the glial fibrillary acidic protein gene, a marker for astrocyte differentiation (Nakashima et al., 1999) . Transactivation partners that directly interact with Smad1/5/8 or Mad remain to be iden- tified. Tinman could be one of such candidates, although direct interaction with Smads has not been demonstrated (Xu et al., 1998) .
Several DNA-binding motifs for Smads have been identified. PCR-based screening of random sequences identified palindromic GTCTAGAC (GTCT motif) as a Smad-binding motif . Close examination of TGF-␤ responsive genes has revealed a sequence containing CA-GACA (CAGA motif) as a Smad3-binding motif (Dennler et al., 1998; Jonk et al., 1998) . The first demonstration that Smads can directly bind to DNA was reported in Drosophila (Kim et al., 1997) . Vestigial, labial, and Ultrabithorax (Ubx) are Dpp-responsive genes. Mad was shown to directly bind to the enhancer of these genes, and GCCGnCGC (GCCG motif) was identified as the consensus binding site. The same motif was found as a Mad-and Medea-binding motif in the tinman gene (Xu et al., 1998) . We investigated whether mammalian BMP-regulated Smads can bind to the GCCG motif. Smad1 bound to the sequence with Smad4 in a BMP-dependent manner. We constructed a heterologous reporter gene containing multiple copies of this motif and found that BMP stimulation activated the reporter, whereas TGF-␤ or activin stimulation did not. Thus the GCCG motif is a common BMP-responsive motif both in invertebrates and vertebrates. Furthermore, we showed that the reporter gene provides a useful detection system of BMP signals in a cell type-independent manner.
MATERIALS AND METHODS

Plasmid Construction
Reporters containing multiple copies of the GCCG motif were constructed as follows. 90COLXLUC (a gift from S. Harada, Merck Research Laboratories, West Point, PA) contains the core promoter of the mouse collagen X gene (Ϫ90 to ϩ59) between the BglII and HindIII sites of pGL2-Basic (Promega, Madison, WI) (Harada et al., 1997) . Various numbers of oligonucleotides containing three copies of the wild-type or mutant GCCG motif were inserted into the BglII site of 90COLX-LUC. The sequences of the oligonucleotides are 5Ј-GATCTGCCGC-CGCTTTGCCGCCGCTTTGCCGCCGCG-3Ј (sense) and 5Ј-GATCCG CGGCGGCAA-AGCGGCGGCAAAGCGGCGGCA-3Ј (antisense) for thewild-type,5Ј-GATCTGCCGTCGCTTTGCCGTCGCTTTGCCGTCG CG-3Ј (sense) and 5Ј-GATCCGCGACGGCAAAGCGACGGCAAAG-CGACGGCA-3Ј (antisense) for 12xmut-1, 5Ј-GATCTACTGTCGCTTT- ACTGTCGC-TTTACTGTCGCG-3Ј (sense) and 5Ј-GATCCGCGAC-ATAAAGCGACAGTAAAGCGACAGTA-3Ј (antisense) for 12xmut-2, and 5Ј-G-ATCTGCCGTATCTTTGCCGTATCTTTGCCGTATCG-3Ј (sense) and 5Ј-GATCCGATACGGCAAAGATACGGCAAAGATA CGGCA-3Ј (anti-sense) for 12xmut-3. Another series of mutant reporters (G1A to C8A) were constructed by inserting oligonucleotides with one base replacement to A between the NheI and BglII sites of 90COLXLUC containing nine copies of the GCCG motif.
Cell Culture and Plasmid Transfection
COS-7 cells and R mutant mink lung epithelial cells were cultured in Dulbecco's modified Eagle's medium (DMEM; Sigma, St. Louis, MO) containing 10% FBS, 100 U/ml penicillin, and 100 l/ml streptomycin. P19 murine embryonal carcinoma cells (a gift from T. Momoi, National Institute of Neuroscience, Tokyo, Japan) were cultured in ␣-minimal essential medium (Life Technologies, Gaithersburg, MD) containing 10% FBS and antibiotics. C3H10T1/2 mesenchymal progenitor cells and ATDC5 chondrogenic cells were obtained from the RIKEN Cell Bank (Tsukuba, Japan). C3H10T1/2 cells were cultured in DMEM containing 10% FBS and antibiotics. ATDC5 cells were grown in medium consisting of a 1:1 mixture of DMEM and Ham's F-12 medium (Life Technologies) containing 5% FBS and antibiotics. The cells were maintained in humidified atmosphere with 5% CO 2 at 37°C. DNA transfection was performed using FuGENE 6 (Boehringer Mannheim, Mannheim, Germany) according to the manufacturer's protocol.
Preparation of Glutathione S-Transferase (GST)-Smad Fusion Proteins
GST-Smad fusion proteins were prepared essentially as described (Nishihara et al., 1998) . Briefly, GST-Smad fusion proteins were expressed in Escherichia coli (DH5␣) in the presence of 1 mM of isopropyl-d-thiogalactopyranoside. After sonication of the bacteria, the fusion proteins were purified with glutathione-Sepharose 4B beads (Amersham Pharmacia Biotech, Uppsala, Sweden), washed, eluted, and dialyzed against dialysis buffer (50 mM Tris-HCl, pH 8.0, 150 mM NaCl).
Gel Mobility Shift Assay
Gel mobility shift assays were performed as described (Kawabata et al., 1998b) . Whole-cell extracts from COS-7 cells transfected with an appropriate combination of plasmids or GST-Smad fusion proteins were used. Probes were labeled with [␣-32 P]dCTP using Klenow enzyme. Three micrograms of cell lysates or 1 g of GST fusion proteins were added to premix solution containing poly(dI-dC) and 4 ϫ 10 4 cpm of the labeled probe. Complexes were resolved on a 4% polyacrylamide gel and analyzed by autoradiography. The sequences of the probes used are 5Ј-CGCGTTTCTGGACTGGCGT-CAGCGCCGGCGCTTCCAGCTGCCAAATTGCTGCTTTATTAG-CTGCGTAAGTGC-3Ј (sense) and 5Ј-TCGAGCACTTACGCAGCT-AATAAAGCAGCAATTTGGCAGCTGGAAGCGCCGGCGCTGA-CGCCAGTCCAGAAA-3Ј (antisense) for Ubx, and 5Ј-CGCGTACG-GGCTGCCGTGGGGAGACACCAGAGCTGTGTAGCAAGAATC-GTATCGAACGGCGGCCAC-3Ј (sense) and 5Ј-TCGAGTGCC-GCCGTTCGATACGATTCTTGCTACACAGCTCTGGTGTCTCC-CCACGGCAGCCCGTA-3Ј (antisense) for labial. The sequences of the oligonucleotides for the 3xGCCG probe are the same as used in the construction of the reporter gene. The template for 9xGCCG was prepared by ligation and gel selection of the 3xGCCG DNA.
Luciferase Assay
Luciferase assays with various reporters were carried out using R mutant mink lung epithelial cells or P19 cells. Cells were transiently transfected with an appropriate combination of the reporter, receptor, or Smad expression plasmids and pcDNA3 (Invitrogen, San Diego, CA). Total amounts of the transfected DNAs were the same throughout the experiments, and luciferase activities were normalized using the sea pansy luciferase activity under the control of the thymidine kinase promoter.
RESULTS
Mad was shown to bind to the enhancers of vetigial, labial, and Ubx that are responsive to Dpp (Kim et al., 1997) . Kim et al. (1997) used the GST fusion proteins of Mad and showed that full-length Mad does not bind to the enhancer, and removal of the MH2 domain resulted in DNA binding of Mad. The result indicates that the MH2 domain inhibits DNA binding of the MH1 domain. Phosphorylation of the SSXS motif by type I receptors presumably induces conformational change that releases the inhibition of DNA binding by the MH2 domain. However, direct evidence that Dpp induces DNA binding of Mad has not been presented. We first tested whether mammalian Smad1 and Smad4 bind to The consensus Mad-binding motif identified among various Dpp-responsive genes is GCCGnCGC (Kim et al., 1997) . Smads directly bind to DNA, but the affinity is likely to be relatively low . We thus multimerized the GCCG motif and examined the binding of Smad1 and Smad4 to three (3xGCCG) or nine (9xGCCG) copies of the GCCG motif (Figure 2) . The same radioactive counts of the 3xGCCG and 9xGCCG probes were used. Free 3xGCCG probe ran out of the gel under the condition used. Smad1 and Smad4 bound to 3xGCCG in the presence of BMPR-IB(QD) (lane 5), and antibodies against each Smad supershifted the band (lanes 6 and 7) . Notably, Smad1 alone or Smad4 alone did not bind to 3xGCCG (lanes 1-4) . When 9xGCCG was used as a probe, much more strong binding of -19) , although the intensities of the bands are remarkably weaker than those in the presence of receptor stimulation. Thus simple overexpression of Smad1 and Smad4 may force DNA binding of the Smad proteins to some extent. We obtained similar results with Smad5 and Smad8 (our unpublished results).
We next studied whether Smad1 or Smad4 directly binds to the GCCG motif as Mad or Medea. GST fusion proteins of full-length Smad4 efficiently bound to the 9xGCCG probe (Figure 3) , whereas those of full-length Smad1 did not. When the MH2 domain of Smad1 was removed, the truncted Smad1 fusion proteins bound to the GCCG probe. These results indicate that both Smad1 and Smad4 can directly bind to the GCCG motif. In addition, the MH2 domain of Smad1 interferes with the DNA binding of the protein. The same amounts of GST-Smad proteins were used for Smad1 and Smad4, suggesting that the DNA-binding affinity of Smad1 may be lower than that of Smad4.
To investigate whether the DNA binding of Smad1 and Smad4 correlates with transactivation, we constructed heterologous luciferase reporter genes with different copies of the GCCG motif. We tested two different promoters to drive transcription. We observed some transactivation of the luciferase gene with the SV40 promoter, but the response was much higher with the collagen X (COLX) promoter (our unpublished results). Therefore, we conducted the following experiments using reporter genes with the COLX promoter. We first used R mutant mink lung epithelial cells ( Figure  4A ). Reporter genes with six or fewer copies of the GCCG motif was almost unresponsive to BMP stimulation. In contrast, a reporter gene with nine copies of the GCCG motif (9xGCCG-Lux) responded to BMP stimulation, and increase in the repeats of the motif further enhanced the response. We next used P19 mouse embryonal carcinoma cells ( Figure  4B ). Essentially the same result was obtained with P19 cells, although the induction upon BMP stimulation was more conspicuous.
The GCCG motif has been suggested as a Mad-or Medeabinding element ( Figure 5A ) (Kim et al., 1997; Xu et al., 1998) . To determine which bases within the GCCG motif are essential in response to BMP, we generated a series of reporters with 12 copies of mutant sequences ( Figure 5B ). The nonconserved fifth base was replaced with T from C in all of the three mutants. In addition, the first and third bases were changed in 12xmut-2, and the sixth and seventh bases were changed in 12xmut-3. Both 12xmut-2 and 12xmut-3 lost responsiveness to BMP ( Figure 5C ). Unexpectedly, alteration of the fifth base (12xmut-1) also abrogated the responsiveness. The fifth base is not highly conserved among Dppresponsive genes, and the GCCGTCGC sequence in vestigial has high affinity to Mad (Kim et al., 1997) . In the Medea-and Mad-binding sites in tinman, however, the fifth base is relatively conserved as C ( Figure 5A ) (Xu et al., 1998) . Thus this position may have some base preference. We also tested the SP-1-binding motif (GGGGCGGGGC), and it did not respond to BMP (our unpublished results). To evaluate the importance of every base of the GCCG motif in response to BMP, we took advantage of the BMP responsiveness of 9xGCCG-Lux. We added three repeats of each mutant sequence (G1A to C8A, as in Figure 5B ) to the 9xGCCG sequence and compared the luciferase activity with that of the reporter gene with 12 copies of the GCCG motif (12xGCCG-Lux; Figure 5D ). Mutation of the first G, third C, fourth G, or sixth C did not show enhancement of the responsiveness as was observed with 12xGCCG-Lux, suggesting that these four bases are critical in response to BMP. Mutation of the fifth C or eighth C to A only minimally affected the enhance- ment. In contrast, alteration of the second C or seventh G to A rather augmented the enhancement. Intriguingly, these bases are A in some of the binding sites listed in Figure 5A . To evaluate the correlation between transcriptional responsiveness and the Smad-binding ability, we compared the wild-type probe (3xGCCG) and a mutant probe (3xmut-2) in a gel shift assay. As in Figure 5E , the mutant probe failed to bind activated Smad1, suggesting that the unresponsiveness of the mutant sequence to BMP stimulation is due to lack of Smad binding.
We next examined whether the GCCG motif is specifically responsive to BMP. The CAGA motif was identified as a TGF-␤-responsive Smad-binding site in the PAI-1 and junB promoters (Dennler et al., 1998; Jonk et al., 1998) . (CAGA) 9 -MLP-Luc contains nine repeats of the CAGA motif (Dennler et al., 1998) . P19 cells were transfected with (CAGA) 9 -MLPLuc or 9xGCCG-Lux and treated with various ligands (Figure 6A) . Both TGF-␤ and activin activated (CAGA) 9 -MLPLuc, whereas BMP-7 did not. In contrast, 9xGCCG-Lux responded only to BMP-7. Thus 9xGCCG-Lux responds specifically to BMP stimulation. We then tested the response of the reporters to activated Smads in P19 cells ( Figure 6B ). The combination of Smad1 and BMPR-IB(QD) activated 9xGCCG-Lux, whereas that of Smad3 and constitutively active form of TGF-␤ type I receptor, T␤R-I(TD), did not. The latter combination strongly activated (CAGA) 9 -MLPLuc. Because the GCCG reporter uses murine collagen X promoter, we tested two cell lines that are osteogenic or chondrogenic ( Figure 6C ). C3H10T1/2 cells are mesenchymal progenitor cells that are osteogenic, chondrogenic, or adipogenic depending on the culture condition (Bachner et al., 1998) . ATDC5 cells are murine teratocarcinoma cells that are chondrogenic (Shukunami et al., 1996) . In C3H10T1/2 cells, the GCCG reporter responded to BMP stimulation but not to TGF-␤ stimulation. Similarly, the reporter was activated by BMP stimulation but not by TGF-␤ stimulation in ATDC5 cells. Taken together, the GCCG motif is specifically responsive to BMPs among the three major ligands in the TGF-␤ superfamily.
Tlx-2 is a BMP-responsive gene in mouse embryos . pTlx-Lux is a luciferase reporter gene derived from Tlx-2. Both 12xGCCG-Lux and pTlx-Lux responded to BMP stimulation in P19 cells (Figure 7, left panel) . In contrast to the result with 12xGCCG-Lux, pTlx-Lux did not respond to BMP in mink lung cells (Figure 7, right panel) . Thus 12xGCCG-Lux may be a more universal reporter for the detection of BMP signals than pTlx-Lux.
DISCUSSION
The GCCG motif was identified as a consensus Mad-binding site in Dpp-responsive genes (Kim et al., 1997) . The motif was also suggested as a Medea-binding site (Xu et al., 1998) . We investigated whether the GCCG motif serves as a binding motif for mammalian R-Smads regulated by BMPs. Mad and Smad1 are highly similar in structure and propagate signals of the BMP family. Smad1 bound to the enhancers of Dpp-responsive genes in the presence of Smad4 and BMP stimulation. Smad1 also bound to multimerized copies of the consensus GCCG motif. The binding affinity was highly dependent on the number of the copies of the motif, sug- (Kim et al., 1997) and Mad/ Medea (Xu et al., 1998) gesting that the DNA-binding affinity for a single GCCG motif is relatively low. The binding of Smad1 to Dpp-responsive genes with a single GCCG motif was detected perhaps because the natural sequence contains a binding site(s) for a nuclear partner(s) for Smad1 provided from the COS cell lysates, although direct evidence is not available at present. A gel shift assay using GST-Smad fusion proteins indicates that both Smad1 and Smad4 can directly bind to the GCCG motif, although the MH2 domain of Smad1 inhibits the DNA binding of the protein. BMP stimulation induced the activation of reporters with multiple copies of the GCCG motif. In accordance with the result of the gel shift assay, the activity of the reporters increased in proportion to the number of the GCCG motif. The result is similar to that obtained with TGF-␤-responsive reporters containing the CAGA motif (Dennler et al., 1998) . The GCCG reporter responded to BMP even in cells in which a natural BMPresponsive reporter, pTlx-Lux, was inert. Activation of RSmads through phosphorylation by BMP receptors may be sufficient to transactivate the GCCG reporters. pTlx-Lux may contain only a low number of Smad1-binding sites and requires other factors to recruit stable DNA-binding complexes. P19 cells may contain such nuclear partners for BMPstimulated R-Smads, whereas mink lung cells may not. The GCCG reporters did not respond to TGF-␤ or activin stimulation, indicating that the GCCG motif may be specific to BMP-regulated Smads.
Screening of random sequences resulted in the identification of the GTCT motif as a binding site for Smad3 and Smad4 . The crystal structure of Smad3 bound to the GTCT motif was determined . In the same report, it was mentioned that Smad1 also binds to the GTCT motif, although data were not shown. Indeed, sequences with multiple copies of the GTCT motif were bound and transactivated by Smad1 and Smad4 (Johnson et al., 1999) . CAGACA was identified as a Smad-binding sequence in TGF-␤-responsive genes such as PAI-1 and junB (Dennler et al., 1998; Jonk et al., 1998) . The GTCTAGAC and CAGACA sequences share AGAC. Detailed analysis of the CAGACA sequence in the junB promoter revealed that the GAC core sequence is critical for Smad4 binding (Jonk et al., 1998) . A reporter containing the CAGACA sequences from the junB promoter responded to BMPs (Jonk et al., 1998) , whereas the (CAGA) 12-MLP-Luc did not respond to BMP stimulation (Dennler et al., 1998) . Although the reason for this difference is not clear, BMP-regulated Smads did not bind to the CAGA motif (Dennler et al., 1998; Jonk et al., 1998) . goosecoid is an activin-responsive gene. Smad2 activates transcription of goosecoid only in the presence of mouse FAST-2 (Labbé et al., 1998) . In the goosecoid promoter, Smad3 and Smad4 were shown to bind to GC-rich sequences distinct from the GCCG motif and unrelated to the CAGA motif. It has been suggested that the DNA-binding affinity of Smads is relatively low, and that the sequence requirement for DNA binding may not be very strict . Our mutational analyses of the GCCG motif also suggest that Smad1 can bind to sequences different from the consensus GCCGnCGC sequence.
Smad3 alone strongly bound to the CAGA motif but not to the GCCG motif upon TGF-␤ stimulation. However, Smad3 weakly bound to the GCCG motif in the presence of Smad4 upon TGF-␤ stimulation (our unpublished results). Smad3 may be tethered to the GCCG motif via Smad4, because Smad3 interacts with Smad4 upon activation by TGF-␤. The discrepancy between this DNA binding and the unresponsiveness of the GCCG motif to Smad3 in a reporter assay is currently unknown.
Smad4 has been shown to play an essential role in distinct signaling pathways; however, the molecular basis for this requirement has not been fully understood. Smad4 alone does not translocate into the nucleus, and R-Smads are required for the nuclear translocation of Smad4 (Liu et al., 1997) . Therefore, Smad4 is not required for nuclear translocation of Smads. R-Smads recruit transcriptional coactivators such as p300 and CREB-binding protein (CBP). The interaction of Smad4 with CBP was TGF-␤ dependent, suggesting that Smad4 may interact with CBP via R-Smads . The MH2 domain of Smad4 does not have significant transactivation activity (Wu et al., 1997) . Hence, Smad4 may not be directly involved in transactivation. Smad2 does not directly bind to DNA, because it contains an extra sequence in the MH1 domain, which interferes with DNA binding (Dennler et al., 1999; Yagi et al., 1999) . The Mix.2 gene contains two CAGA motifs adjacent to the FAST-1-binding site, and Smad4 is likely to tether Smad2 to the binding sites (Dennler et al., 1998) . Indeed, Smad4 was shown to promote the binding of the Smad-FAST-1 complex to DNA (Liu et al., 1997) . In addition, Smad4 may stabilize the structure of hetero-oligomeric Smad complexes (Kawabata et al., 1998b) . Homo-oligomers of Smad3 bind to DNA upon TGF-␤ stimulation (Kawabata et al., 1998b) . Thus Smad3 does not require Smad4 in DNA binding, although it is not known whether Smad3 homo-oligomers induce transcriptional activation. Our results indicate that Smad4 is required for Smad1 to bind to DNA in vivo, and this seems to be at least one of the crucial roles of Smad4 in transcriptional regulation by BMP. The DNA-binding affinity of Smad1 to the GCCG motif may be lower than that of Smad3 to the CAGA motif and may require Smad4 to stably bind to DNA.
Only a few BMP-responsive reporters have been reported (Harada et al., 1997; Chen et al., 1998; Jonk et al., 1998; Tang et al., 1998; Johnson et al., 1999) . The activation of the Tlx-2 gene, for example, depends on the cell type (Figure 7) . The junB and GTCT reporters respond to BMP stimulation as well as to TGF-␤ stimulation (Jonk et al., 1998; Johnson et al., 1999) . The GCCG reporters are likely to respond specifically and directly to Smads phosphorylated by BMP receptors. Thus they may serve as a universal reporter to detect BMP signals and contribute to investigate BMP signaling in a variety of systems.
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